nature neurOSCIenCe a r t I C l e S There is mounting evidence that NMDARs can be expressed presynaptically, as well as postsynaptically 1 . Presynaptic NMDAR activation is thought to enhance neurotransmitter release and to be essential for the induction of spike-timing-dependent forms of long-term depression (t-LTD) in a number of brain regions 1 . Consistent with presynaptic expression of NMDARs, bath application of NMDAR agonists and antagonists increases and decreases, respectively, the frequency of miniature postsynaptic currents in several neuronal cell types 2,3 . However, the activation of postsynaptic NMDARs can result in neuronal depolarizations that spread passively into the axon, opening voltage-gated calcium channels (VGCCs) 4,5 and resulting in increased vesicular release [5] [6] [7] . In several neuronal cell types where presynaptic NMDAR activity has been reported, including cerebellar stellate cells, cerebellar basket cells, hippocampal CA3 pyramidal cells and cortical layer (L) 5 cells, attempts to image NMDAR activation in axons using calcium-sensitive fluorescent dyes and local NMDAR agonist application have met with mixed results: some papers report calcium excursions 8-10 while others do not [5] [6] [7] 11 .
a r t I C l e S
There is mounting evidence that NMDARs can be expressed presynaptically, as well as postsynaptically 1 . Presynaptic NMDAR activation is thought to enhance neurotransmitter release and to be essential for the induction of spike-timing-dependent forms of long-term depression (t-LTD) in a number of brain regions 1 . Consistent with presynaptic expression of NMDARs, bath application of NMDAR agonists and antagonists increases and decreases, respectively, the frequency of miniature postsynaptic currents in several neuronal cell types 2, 3 . However, the activation of postsynaptic NMDARs can result in neuronal depolarizations that spread passively into the axon, opening voltage-gated calcium channels (VGCCs) 4, 5 and resulting in increased vesicular release [5] [6] [7] . In several neuronal cell types where presynaptic NMDAR activity has been reported, including cerebellar stellate cells, cerebellar basket cells, hippocampal CA3 pyramidal cells and cortical layer (L) 5 cells, attempts to image NMDAR activation in axons using calcium-sensitive fluorescent dyes and local NMDAR agonist application have met with mixed results: some papers report calcium excursions [8] [9] [10] while others do not [5] [6] [7] 11 .
Presynaptic NMDARs have also been implicated in certain forms of plasticity, with strong, though indirect, evidence for their involvement in the induction of t-LTD, which entails the repeated pairing of a postsynaptic action potential (AP) with a presynaptic AP that follows within a few tens of milliseconds. In particular, t-LTD has been extensively studied at the cortical synapse between layer 4 spiny stellate cells and layer 2/3 pyramidal cells 3, [12] [13] [14] . This form of long-term plasticity disappears in rodents older than about 3 weeks and is thought to be involved in the formation of receptive fields in visual, auditory and somatosensory cortex 1 . Recently, t-LTD has been extended or restored in visual cortex of older animals by dark rearing or placing animals in the dark for several days. This reestablishment of t-LTD was prevented by genetically downregulating NMDARs in the presynaptic neurons 15 .
At the L4-L2/3 synapse, bath application of the NMDAR antagonist d-2-amino-5-phosphonopentanoic acid (d-AP5) blocks induction of t-LTD 12, 13, 16 , but blocking only postsynaptic NMDAR current with intracellular MK-801 (ref. 12) does not 12, 13, 17, 18 . This implies that the relevant NMDARs are located in the presynaptic membrane. Indeed, inclusion of MK-801 in presynaptic L4 neurons is reported to block the induction of t-LTD 17, 18 . We attempted to image NMDAR-mediated calcium signals in the presynaptic L4 axons elicited by focal, twophoton uncaging of 4-methoxy-7-nitroindolinyl-caged-l-glutamate (MNI-glutamate) onto presynaptic varicosities in L2/3 of rodent somatosensory cortex but found no evidence for functional presynaptic NMDARs. By genetically deleting NMDARs in either the pre-or postsynaptic neurons, we found that the relevant NMDARs for inducing t-LTD at this synapse were postsynaptic, not presynaptic. Our pharmacological experiments indicate that only glutamate binding, and not glycine or d-serine binding nor ionic flux, is required for t-LTD induction, a result similar to those in recent reports for LTD at hippocampal synapses between Schaffer collaterals and CA1 pyramidal cells 19, 20 .
RESULTS

No evidence for presynaptic NMDARs in L4 axons
To study the signaling mechanism of presynaptic NMDARs in L4 spiny stellate cell axons for t-LTD induction, we attempted to measure presynaptic NMDAR activity using two-photon laser uncaging (2PLU) of MNI-glutamate and calcium measurements with two-photon laser scanning microscopy (2PLSM). L4 neurons in acute slices containing barrel cortex from juvenile rats (P14-P21) were patch clamped and filled with the calcium-sensitive fluorescent indicator Fluo5F (200 µM) and the calcium-insensitive fluorescent dye Alexa 594 (10 µM) and simultaneously imaged with 840-nm laser light. In the absence of extracellular Mg 2+ , 2PLU of MNI-glutamate (2.5 mM) with 0.5 ms pulses of 720-nm light next to dendritic spines led to large increases in calcium through NMDARs (Fig. 1a,b) . The uncaging laser power was adjusted by the depth in the slice to levels that were previously determined to cause ~30% photobleaching of the Alexa 594 signal 21 . a r t I C l e S Calcium signals were quantified by the change in green fluorescence relative to the red fluorescence (∆G/R, Fig. 1b ). In every spine tested, large increases in calcium signals were seen in response to glutamate uncaging (Fig. 1b,c) . Interleaved trials without the uncaging laser pulse showed no change in the ∆G/R signal (Fig. 1b,c) . In the same neurons, the axon was traced toward the pial surface of the slice and varicosities, presumed boutons, were chosen to test for presynaptic NMDARs by uncaging glutamate. The radial distances of the varicosities chosen ranged from 36 to 383 µm from the somata (mean distance: 163.9 µm, s.d.: 89.6 µm, N = 44 varicosities). Two uncaging pulses, one on each side of an axonal varicosity, each 2 ms long, were used to release glutamate (Fig. 1d) . No change in ∆G/R signal was observed in any of the axonal varicosities when uncaging, and there was no difference in the ∆G/R signal in interleaved trials without uncaging laser pulses ( Fig. 1e,f ; P = 0.57).
Sensitivity to detect single calcium channels
If there is just one NMDAR in the presynaptic structure, calcium influx may be difficult to detect and our failure to observe a calcium signal in response to glutamate uncaging onto axonal varicosities could result from an insufficient sensitivity of our microscope. Calcium signals arising from single NMDARs have been observed in dendritic spines 22 ; however, dendritic spines may be structurally unique in their ability to prevent calcium diffusion, enhancing detection of small calcium transients with fluorescent dyes 23 (Fig. 2a) . In control conditions, there were no failures in axonal varicosities (Fig. 2b) . npg a r t I C l e S Adding 1 µM ω-conotoxin MVIIC to the bath to block the majority of N-, P-and Q-type calcium channels 25 decreased the size of the calcium signals and led to instances of failure of channels to open (Fig. 2b,c) .
Imaging two varicosities simultaneously ensured that a trial identified as a failure in one varicosity did not result from AP failure because the calcium signal in the second varicosity did not fail (Fig. 2d ). Trials were counted as failures if the calcium signal measured just after the action potential was less than 2 s.d. from the baseline calcium signal measured just before the action potential. As described previously 24 , failures are accompanied by a slow rise in ∆G/R signal, which results from diffusion of calcium-bound dye from neighboring structures. The coefficient of variation of channel opening was estimated from the fluorescence traces by measuring the mean fluorescent signal and the trial-to-trial variance (Fig. 2e,f) . The variance due to VGCC activity was isolated by subtracting the dark noise and photon shot noise from the total variance (Fig. 2e,f) . In the example shown in Figure 2 , the estimated number of VGCCs contributing to the AP-evoked calcium signal in the presence of ω-conotoxin MVIIC was 2.55 channels in varicosity 1 and 0.79 channels in varicosity 2, and the probabilities of channel opening during an action potential were 0.76 and 0.79, respectively. Because we have the sensitivity to detect calcium arising from a single VGCC in an axonal varicosity, we should be able to detect calcium from single NMDARs.
t-LTD at L4-L2/3 synapses
Although we did not find evidence for NMDAR calcium influx in the axons of L4 neurons in response to 2PLU, we repeated the t-LTD experiments that have suggested the existence of presynaptic NMDARs. Figure 3a shows an example time course of excitatory postsynaptic potentials (EPSPs) recorded in artificial cerebrospinal fluid (ACSF) from a L2/3 neuron while stimulating in L4 at 0.1 Hz. After a baseline period, L4 stimulation was paired with a postsynaptic AP 25 ms before L4 stimulation (a protocol shown to induce t-LTD 16 ). This pairing was repeated 100 times at 0.2 Hz, and the EPSP was monitored for ~60 min after pairing. In ACSF, this protocol led to t-LTD (EPSP slope reduced to 47 ± 9% after pairing, mean ± s.e.m.; n = 15, P = 1.8 × 10 −4 ). As others have reported 12, 13 , blocking NMDARs with 50 µM d-AP5 prevented t-LTD (EPSP slope 101 ± 6% after pairing; n = 10, P = 0.56) but including 1 mM MK-801 in the internal pipette solution did not block t-LTD (EPSP slope 62 ± 7% after pairing, n = 20, P = 1.3 × 10 −4 ; Fig. 3b,c) .
NMDAR pharmacology of t-LTD at L4-L2/3 synapses Evidence has recently emerged that the function of NMDARs in generating hippocampal LTD depends on glutamate binding the receptor but is independent both of binding of glycine or d-serine and of ion flux through the receptor's channel 19, 20 . t-LTD at the L4-L2/3 synapse is consistent with this mechanism, as d-AP5, a competitive antagonist at the glutamate binding site, prevented t-LTD, but the open channel blocker MK-801 did not. Fig. 4a ), a competitive antagonist at the glutamate binding site, blocked both NMDAR current recorded in voltage clamp experiments and t-LTD (EPSP slope 99 ± 6% after pairing, n = 7, P = 0.69). Bath application of MK-801 (100 µM, Fig. 4b ) blocked NMDAR currents, but did not block t-LTD (EPSP slope 58 ± 9% after pairing, n = 12, P = 9.8 × 10 −4 ). The NMDAR glycine-site competitive antagonists 7-chlorokynurenate (7-CK) (100 µM, Fig. 4c ) and 5,7-dichlorokynurenate (5,7-DCK) (50 µM, Fig. 4d ) both blocked NMDAR currents, but did not block t-LTD (EPSP slope in 7-CK 76 ± 3%, n = 11, P = 9.8 × 10 −4 ; EPSP slope in 5,7-DCK 77 ± 9%, n = 7, npg a r t I C l e S P = 0.031). This pharmacological profile of t-LTD is consistent with activation of NMDARs that is dependent on glutamate binding but not ion flux.
Genetic deletion of postsynaptic NMDARs
Because blocking NMDAR ion flux globally using extracellular MK-801 or glycine-site antagonists did not block t-LTD induction, the same result obtained with intracellular MK-801 in the postsynaptic cell cannot be used to exclude either pre-or postsynaptic NMDARs as the relevant receptors. To determine if postsynaptic NMDARs receptors are involved in t-LTD, we deleted NMDARs in a sparse subset of L2/3 neurons by injecting an adeno-associated virus (AAV) that expresses Cre and EGFP into the ventricles of E15-16 mouse embryos homozygous for a loxP-flanked Grin1 gene (Grin1 fx/fx ) 31 . Cre expression in the cells of these mice ablates the NMDAR GluN1 subunit that is required for functional channels to traffic to the membrane 32, 33 . Figure 5a shows an example 2PLSM image of sparse infection of L2/3 neurons in barrel cortex from a Grin1 fx/fx mouse by AAVCre-EGFP injection at E16 with two neighboring neurons, one GFP + and one GFP − , filled with Alexa 594 from the patch pipettes.
The cells were voltage-clamped and L4 was stimulated to evoke synaptic currents. While holding at −75 mV, both GFP + and GFP − cells showed large, rapid, 2,3-dioxo-6-nitro-1,2,3,4-tetrahydrobenzo[f] quinoxaline-7-sulfonamide (NBQX)-sensitive inward currents (Fig. 5b) . d-AP5-sensitive NMDAR currents were measured at a holding potential of +40 mV and were only present in GFP − neurons (Fig. 5b,c) . We next tested whether t-LTD could be induced in GFP + and GFP − cells (Fig. 5d,e) . t-LTD could be induced in GFP − neurons (EPSP npg a r t I C l e S slope 53 ± 7% after t-LTD pairing, n = 19, P = 1.9 × 10 −5 ) whereas it was absent in GFP + neurons (EPSP slope 109 ± 14% after pairing, n = 20, P = 0.55). These results indicate that activation of postsynaptic NMDARs is required for t-LTD. Combined with our pharmacological results (Figs. 3 and 4) , we suggest that t-LTD requires postsynaptic NMDAR signaling but not ion flux through the NMDAR channel.
Genetic deletion of presynaptic NMDARs
Although our inability to observe NMDAR-mediated calcium transients in axon varicosities suggests the absence of presynaptic NMDARs, we nonetheless tested whether t-LTD could be induced when NMDARs were deleted in the presynaptic L4 neurons. To preferentially target the viral infection to L4 neurons, we injected AAV-Cre-EGFP in Grin1 fx/fx mice at E14. While this led to sparse labeling of L4 neurons, it was difficult to find connected pairs of GFP + L4 and GFP − L2/3 neurons. To circumvent this difficulty, we crossed the Grin1 fx/fx mice with Ai32 mice, which have channelrhodopsin2(H134R) (ChR2) preceded by a loxP-flanked stop cassette 34 . In the resulting double homozygous mice, ChR2 expression should be restricted to those neurons in which NMDARs are deleted. Figure 6a shows an example 2PLSM image of a L2/3 neuron filled with Alex 594 and GFP + L4 neurons in an Ai32;Grin1 fx/fx mouse that was infected with AAV1-Cre-EGFP at E14. NMDA receptor currents were present in GFP − neurons, but absent in 8 of 9 neighboring GFP + neurons (Fig. 6b) . EPSPs recorded in L2/3 neurons could be evoked by brief (1-5 ms) flashes of 473-nm laser light that was focused over L4, and t-LTD was tested by pairing postsynaptic action potentials with laser flashes. t-LTD was present in Ai32 mice (Fig. 6c , EPSP slope 85 ± 12%, n = 12, P = 0.012) and could be evoked in the presence of 5,7-DCK (Fig. 6c , EPSP slope 68 ± 13%, n = 8, P = 0.023). t-LTD was intact in double homozygous Ai32;Grin1 fx/fx mice (Fig. 6d , EPSP slope 54 ± 6%, n = 9, P = 0.0039) and with 1 mM MK-801 in the postsynaptic pipette (Fig. 6d , EPSP slope 56 ± 8%, n = 7, P = 0.016). These results suggest that presynaptic NMDARs are not required for the expression of t-LTD at the L4-L2/3 synapse. Taken together, our results indicate that postsynaptic NMDARs, acting through a nonionic mechanism, are required for the induction of t-LTD.
DISCUSSION
NMDARs are required for many forms of plasticity in the brain. In addition to their function in the postsynaptic membrane, NMDARs have been suggested to function in presynaptic axonal membranes in cortex 10,12-18 , cerebellum 2, 35 , hippocampus 8 and striatum 36 .
We attempted to detect functional NMDARs in L4 neuronal axons by measuring calcium transients in response to 2PLU. In contrast to robust calcium signals evoked in dendritic spines, no responses were seen in axon varicosities. Revisiting the pharmacology of t-LTD at this synapse that led to the suggestion of presynaptic NMDARs, we found that glutamate binding to NMDARs was required but ion flux through the channels was not, a result similar to recent findings in hippocampal LTD 19, 20 . Because nonionic signaling through NMDARs was not blocked by MK-801, the insensitivity of t-LTD induction to postsynaptic intracellular MK-801 does not implicate a presynaptic location of the relevant receptors. We found that genetic deletion of NMDARs in postsynaptic L2/3 neurons prevented t-LTD. Conversely, deletion of NMDARs in the presynaptic L4 neurons in conjunction with expression of ChR2 to stimulate only presynaptic, NMDARlacking neurons did not prevent t-LTD.
Explanation of lack of calcium imaging results
We tested the sensitivity of our microscope and could detect calcium excursions from single VGCCs activated by APs in the presynaptic neuron. Because the calcium conductance of VGCCs 26 is similar to the calcium conductance of NMDARs 28, 29 and the open time of NMDARs is >10 times that of AP-gated VGCCs, we should have been able to detect calcium influx through NMDARs if they were in the axonal structures. It has been suggested that, in layer 5 neurons of visual cortex, the expression of presynaptic NMDARs is specific to the target cell type 10 . Because we did not identify the postsynaptic cell in our axonal uncaging experiments, it is possible that we could have missed the boutons in L2/3 region that express NMDARs in our 44 recordings. However, t-LTD that has been attributed to presynaptic NMDARs in this region seems to be fairly ubiquitous. Another possibility for our lack of detection of calcium signals could be that the presynaptic NMDARs contain NR3A subunits 37 that have a lower calcium permeability and less voltage-dependent Mg 2+ block 38 than more standard NMDARs. Kunz et al. 39 suggested that these receptors could function by depolarizing the terminals, which would lead to activation of VGCCs. If this were the case, we would still expect to see calcium excursions because we are able to detect calcium signals from single VGCCs. However, our pharmacological and genetic manipulations suggest that it is the postsynaptic NMDARs acting through a nonionic signaling mechanism that is required for t-LTD, which is consistent with the lack of axonal calcium signals in response to glutamate uncaging.
Inconsistencies with the literature Axonal NMDARs have been identified in a number of cultured neuronal preparations by both calcium indicators and electrical a r t I C l e S recording 8, 40, 41 . However, in acute slice preparations, the search for and lack of direct evidence of NMDAR activity in axons 6, 7, 11, 42 has led to alternative explanations for the perceived presynaptic NMDAR effects. In cerebellar stellate and basket cells, the lack of NMDAR calcium signals in response to NMDAR agonists applied either iontophoretically or by 2PLU led to the proposal that somato-dendritic NMDARs could be causing axonal release through the electrotonic spread of depolarization [4] [5] [6] [7] . In cortical layer 5 neurons, NMDAR agonists did not affect axonal excitability and did not cause calcium increases, and the antagonist did not affect AP calcium signaling 11 (but see ref. 10 ). Nonionic signaling through NMDARs has been described in several preparations 19, 20, [43] [44] [45] [46] . Recent work in hippocampus has indicated that nonionic signaling through NMDARs is essential in the induction of LTD 19, 20 , and the downstream signaling mechanism has been proposed either to be through p38 MAPK activity or to be a direct interaction with the C-terminal domains of NMDAR subunits and protein phosphatase-1 (PP1) and Ca 2+ /calmodulin-dependent protein kinase II (CAMKII) 46 . Future studies will be required to dissect the nature of the NMDAR signal at the L4-L2/3 synapse. t-LTD requires a postsynaptic AP that back-propagates through the dendritic arbor of the L2/3 neuron, providing a source for calcium; blocking of this source by VGCC antagonists or chelation by BAPTA prevents t-LTD induction 12, 13 . Additionally, metabotropic glutamate receptor activation of phospholipase C leads to inositol-1,4,5-trisphosphate production, which induces release of calcium from internal stores that also seems to be required for t-LTD 12 . The NMDAR signal could be required in concert with these other signals to generate endocannabinoids, although some experiments suggest that NMDAR signaling is downstream of endocannabinoid release 12 . Consistent with this view, Min and Nevian 47 suggested that endocannabinoid release activates astrocytes to release glutamate, which they interpreted to be the source of glutamate for signaling to presynaptic NMDARs. However, postsynaptic NMDARs could be responding to this astrocytic release of glutamate if that is the important signal for t-LTD.
Rodriguez-Moreno et al. 17 have reported that that t-LTD at the L4-L2/3 synapse is disrupted when 1 mM intracellular MK-801 is introduced selectively to the presynaptic neuron and suggest that ion flux through presynaptic NMDARs is required for t-LTD induction. These results are at odds with both our calcium measurements and our genetic deletion of presynaptic NMDARs. Although it is possible that millimolar concentrations of MK-801 block t-LTD via off-target effects 48 , we have no evidence to support this and, as such, we have no explanation for the contradictory results.
t-LTD at the L4-L2/3 synapse is developmentally regulated 1, 3 . In the visual cortex, for example, t-LTD in animals older than about 3 weeks becomes sensitive to postsynaptic MK801 (ref. 3) . In addition, when animals are dark reared or, as adults, returned to darkness for a period of days, t-LTD induction in the visual cortex reverts to a mechanism that is eliminated by genetic knockdown of L4 neuronal NMDARs 15 . The explanation for the differences between our results and those in the visual cortex 15 is unclear but may depend on the use of different cortical regions or developmental stages. In the somatosensory cortex of P14-21 animals, we find no evidence for functional NMDAR expression in the axons of L4 neurons and we find that knocking out NMDARs in postsynaptic but not presynaptic neurons prevents t-LTD induction.
METHODS
Methods, including statements of data availability and any associated accession codes and references, are available in the online version of the paper. 
